. Applied load at various failure modes for brick anchored to a wood shear wall 18 Brick masonry is especially common as a material for veneer walls. A veneer is a wythe of masonry used as an exterior façade which is connected to a backing material such as steel studs, wood, or concrete masonry. The veneer can be anchored to the backing wall with metal ties, or adhered to the backing with a bonding agent. The two walls are separated by an air gap, typically 2" to 4" wide, which allows moisture to drain from the wall assembly without penetrating the backing material. This air gap further enhances a veneer wall's thermal properties by allowing heat to dissipate more quickly. A veneer wall is a type of cavity wall that exhibits non-composite behavior. The veneer directly transfers out-of-plane loads to the backing material without adding any strength or stiffness to the wall system. However, the backing material is assumed to carry the entire in-plane load, and any transfer of in-plane loads and stresses from the shear backing to the veneer is considered to be negligible by the MSJC code. Figure 1 visualizes a typical detail of an anchored brick veneer connected to a backing of concrete masonry units (CMUs). Brick tends to expand when exposed to changes in temperature or moisture, and if this movement is restrained, stresses will build up and cause the brickwork to crack.
Cracks due to distress can be either compression related (including spalling, crushing, or buckling), or shear and tension related (producing tensile cracking). The MSJC (2011) requires designers to plan for brick expansion and movement and provide expansion joints as necessary. Expansion joints allow the brick to move, relieving compressive stresses. Joints should be placed at wall intersections, corners, windows and other openings, and abrupt changes in wall height. However, the TMS-402 (2011) does not specify the distance from corners at which an expansion or isolation joint should be placed. In order to minimize cracking at corners due to expansion movements, the BIA suggests placing expansion joints within 10 feet (3 m) from the edge of the corner. In addition, the total wraparound distance between expansion joints on opposite sides of a corner need to be greater than 25 feet (7.6 m), as shown in Figure experience (empirical) as there is currently no consensus on a method of precisely calculating a safe and appropriate placement distance. Similarly, TMS-402 (2011) recognizes that nonparticipating elements should be isolated from the seismic forceresisting system of a structure, but fail to specify a specific method for determining an appropriate width of isolation. The TMS-402 (2011) acknowledges the need for further research on design options that allow non-isolated, nonparticipating elements with corresponding checks for strength, stiffness, and compatibility (MSJC Section 1.18.3.1).
This thesis presents further evidence that anchored brick veneers exhibit characteristics of composite action and recommends a method for determining width of isolation.
BACKGROUND

Related Code Requirements
In addition to the aforementioned recommended deflection limits, the TMS-402 Table 1 apply to a veneer anchored to wood framing. The Canadian Standards Association (CSA) limits maximum vertical spacing to 600 mm (23.6 in.) and horizontal spacing to 800 mm (31.5 in.) in Section 7.1.1 of CAN/CSA-A370-04. Interestingly, the CSA further reduces the limits for corrugated metal strip ties. Corrugated ties can be spaced at either: 600 mm (23.6 in.) vertically and 400 mm (15.7 in.) horizontally, or 400 mm (15.7 in.) vertically and 600 mm (23.6 in.)
horizontally (CSA, 2006) . In Section 2.9.7.1 of SNZ HB 4236:2002, Standards New Zealand (SNZ) restricts tie spacing to 400 mm (15.7 in.) vertically and 600 mm (23.6 in.)
horizontally.
Related Literature Survey
Much of the past research on in-plane loading scenarios has focused on brick tie, which restricts horizontal movement but allows free vertical movement, and a slotted block tie, which allows movement in both the horizontal and vertical planes. These adjustable ties allow the brick and CMU walls to expand and shrink independently while maintaining a reliable connection between the two walls. Williams and Hamid (2005) labeled the eye & pintle tie as T1 and the slotted block tie as T2. The average stiffness values of both ties are compared with the stiffness values reported by Choi and LaFave (2004) and Zisi and Bennett (2011) in Figure 3 . 
METHOD
The method for calculating load transfer in brick veneer backed by CMU is a slightly modified version of the method proposed by Lintz and Toubia (2013) . This model assumes that the ties and brick veneer can be represented by springs. Since each tie is assumed to deflect horizontally in-plane, ties located in the same horizontal row are considered to act in parallel. Therefore, the total stiffness of a horizontal row of ties is equal to the stiffness of an individual tie multiplied by the number of ties in the row.
Then, each tie row stiffness is placed in series with a corresponding brick stiffness at that level. Figure 4 shows a simplified version of this method with two rows of ties. The total stiffness of the effective spring at each row can then be calculated using Equation 1.
(1)
Using superposition, the total deflection of the spring equals the deflection caused by the applied load minus deflection caused by the resisting force of the ties and brick at each row. This principle is represented in Equation 2.
(2)
As more rows are added, the model becomes more complex since the resisting force in the spring at one row will cause a deflection at every other row. Equation 2 is applied at each row and modified to create Equations 3 and 4, assuming two rows of springs.
This process can be extrapolated for any number of rows to form a system of linear equations that describe the total deflection at each row. These deflections are Δ T = Total deflection of the spring Δ P = Deflection of the spring due to the applied load P Δ F = Deflection of the spring due to the force in the spring Δ T1 = Total deflection of the spring at row 1 Δ P1 = Deflection of the spring at row 1 due to the applied load P Δ F11 = Deflection of the spring at row 1 due to the force in the spring at row 1 Δ F12 = Deflection of the spring at row 1 due to the force in the spring at row 2 Δ T2 = Total deflection of the spring at row 2 Δ P2 = Deflection of the spring at row 2 due to the applied load P Δ F21 = Deflection of the spring at row 2 due to the force in the spring at row 1 Δ F22 = Deflection of the spring at row 2 due to the force in the spring at row 2 calculated by combining traditional deflection equations for a cantilever beam and specific deflection equations for masonry. Lintz and Toubia (2013) 
After developing the equations to represent the deflection of the brick and masonry walls at each row, the equations are substituted into a linear system based on Equations 3 and 4, and the only unknown variables remaining are the forces in each spring. Once the forces in each spring are found, the deflection of the brick veneer at each level can be calculated. A more detailed explanation of this method can be found in Lintz and Toubia (2013) .
Their proposed method is based on an unreinforced brick veneer connected to a wood shear wall. In order to account for steel reinforcement in the brick and CMU shear wall, the area of steel was transformed using a ratio of steel's elastic modulus and the elastic modulus of masonry to create an equivalent area of masonry. The area of 
RESULTS
Effects of Adding Reinforcement to Brick Veneer with a Wood Shear Wall
The strength of a wood shear wall can vary widely based on the construction details of the wall. For this analysis, 15/32" thick sheathing and 8d nails were chosen for an 8' x 8' (2.44 m x 2.44 m) shear wall. In addition to examining reinforced and unreinforced veneers, walls composed of oriented strand board (OSB) and plywood were compared. One no. 3 bar was added at each edge of the wall for the reinforced cases. All cases use the stiffness values for corrugated sheet metal ties reported by Zisi & Bennett.
The various tie spacing arrangements are shown in Table 4 . Case A satisfies MSJC, CSA, and SNZ code requirements, while case C approximates CSA standard 10.5.1.4.
Cases B and D are used to note the effects of increasing horizontal and vertical tie spacing individually. Figure 6 also displays how the ties at the top of the wall twist first, and subsequent tie rows begin to twist as more load is applied to the shear wall. As evidenced by Figures 8 through 11 , reinforcing the brick veneer has a very minimal effect on the amount load transfer through ties or brick deflection. This is mainly due to the backup wall supporting the diaphragm being the primary lateral load resisting system. In addition, two small no. 3 bars provide little additional stiffness. However, the reinforcement does strengthen the veneer as the calculated loads to failure show in Table   5 . When the brick veneer is reinforced, the load to failure increases significantly in all cases. Otherwise, the brick veneer is at risk of failure, especially sliding, before the wood shear wall reaches its anticipated capacity. The brick sliding failure mode assumes a coefficient of friction of 0.65, which is a little high. According to Lintz and Toubia (2013) 
Influence of Tie Spacing
The tie used in this portion will feature the T1 stiffness values found by Williams and Hamid (2005) . The tie spacing needs to be adjusted to reflect the geometry of the CMU which dictates vertical spacing in 8" intervals. Similar to the prior scenario with case D, tie spacing cases B and D violate Section 6.2.2.5.6.1 of the TMS-402 (2011), but are included in this analysis to study any trends of increasing tie spacing. For each tie spacing case, the wall assembly was studied with both walls unreinforced, CMU reinforced and brick unreinforced, and both walls reinforced. The Figure 16 shows how much of the applied load is transferred through the ties to the veneer when both walls are reinforced. The brick resists the most force immediately at low loads before eventually settling to a constant percentage. This is due to the high initial stiffness of the wall ties. After the ties begin to twist (or locally deform), their secondary stiffness will engage and less load is transferred to the brick. Figure 16 also indicates that the closest tie spacing, case A (horizontal and vertical), transfers the most load. Table 7 wall's ability to resist overturning and shear. Therefore, these CMU failure modes are unlikely.
In most cases, the brick veneer will slide before it overturns; particularly if the brick is unreinforced. 
Influence of Tie Stiffness
Using spacing case A as a baseline, two of the adjustable wall ties researched by Williams and Hamid (2005) can be compared. The initial and secondary stiffness of each tie is displayed in Table 8 . Since T2 ties are far more rigid than T1 ties, T2 ties transfer more load to the veneer as shown in Figure 18 . Figure 19 demonstrates that even though the T2 ties transfer more load, they are so rigid that they deflect slightly less than the T1 ties. Both figures were generated with an applied load equal to the shear capacity of the CMU wall. Since a rigid tie will force more load on the brick, the veneer with the more rigid T2 ties fails locally at lower loads than the veneer with T1 ties, as shown in Table 9 .
Also, the veneer with T2 ties carries a higher percentage of the total applied load. 
Influence of CMU Compressive Strength
The elastic modulus of masonry is related to compressive strength, f' m . Since the elastic modulus is featured in the equation for masonry deflection, the compressive strength of the CMU could affect the behavior of the veneer. CMU compressive strengths of 2000 psi, 1500 psi, and 2500 psi were modeled and the results are presented in Table 10 . None of the cases exhibited noticeable differences in failure loads when compressive strength was adjusted. 
Influence of Brick and CMU Thickness
Altering wall thickness can affect the moment of inertia of the wall which is another factor in the wall's deflection. Nominal thicknesses of four and eight inches for brick and CMU, respectively, were chosen as baseline values. As shown in Table 11, increasing either brick or CMU has little effect on any of the failure modes. 
Width of Isolation
As discussed in the introduction section of this thesis, there is no consensus method for calculating an appropriate width of isolation. The MSJC (2011) states that non-isolated, nonparticipating elements can influence a structure's strength and stiffness.
Therefore, placing the isolation joints close to the corners of the brick veneer façade can prevent rocking behavior under cyclic loading. The BIA recommends isolating the brick at a distance less than 10 feet from the corner, but ultimately the placement of expansion joints is left to the discretion of the designer. Based on the results discussed in previous sections of this thesis, significant amounts of load can be transferred through ties. If the width of isolation is too narrow, these transferred forces could deflect the isolated section. This model provides a way to approximate a width of isolation based on the forces transferred to the brick through ties.
Using the model developed in chapter 3, the loads in each tie row were calculated at a certain applied load. For this example, a load equal to 25% of the CMU shear capacity (within the elastic response range) was imposed on an 8'x 8' reinforced shear wall with a case A tie spacing. The loads in each tie row were then reduced by a ratio of L 1 /L and applied to a brick wall with length L 1 and height H, where L 1 is the length of the isolated section. A diagram of an isolated wall section including applied tie row forces transferred to the brick veneer is shown in Figure 20 . The deflection at each tie row was calculated based on the applied tie row forces.
This process was repeated for various widths of isolation. Then, the loads in each tie row and the corresponding deflections at each row were plotted, and the result is shown in Figure 21 . Using the model of a brick veneer anchored to a CMU shear wall, tie stiffness and spacing were found to significantly influence the failure modes of the brick veneer, whereas CMU compressive strength and wall thickness had minimal influence. Close tie spacing and stiff ties will form a more rigid connection between the CMU and brick, and some composite action will occur. As shown in Table 9 , a brick veneer anchored with rigid adjustable wall ties spaced at 16 inches horizontally and vertically can be subjected to approximately 37% of the load applied to the shear wall. Even using the largest tie spacing permissible by the MSJC Building Code (defined as case C in this thesis), an unreinforced veneer still resists approximately 12% of the applied load. Since the veneer exhibits composite action, it is recommended that brick veneers be isolated (when unreinforced) or include some form of reinforcement as a precaution.
If a designer chooses to not reinforce the veneer, they should limit deflection of the backing to L/720. This limit prevented any of the failure modes to occur in the model. The IBC's suggested limit of L/240 is not recommended because, in certain cases, the brick failed due to sliding before reaching the L/240 limit. In order to prevent veneer sliding, a flashing material with a coefficient of friction of 0.65 should be used. If a brick veneer is to be unreinforced, the ends of the walls should be isolated at a length approximately H/3 or H/4 from the edge.
